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ABSTRACT
A Snapshot of Ancient Microbial Life: Microorganisms and Organic Compounds in Primary
Fluid Inclusions in Bedded Halite, Neoproterozoic Browne Formation of Central Australia
Sara Schreder-Gomes
Modern shallow brine environments contain an abundance of microorganisms.
Microorganisms, mineral crystals, and air bubbles can be trapped with those brines in primary
fluid inclusions in bedded halite as it grows in shallow saline surface waters. Primary fluid
inclusions and their contents can be preserved, unaltered, for millions of years.
The ~830 million-year-old Browne Formation of central Australia contains intervals of
bedded halite with unaltered primary fluid inclusions. Intervals of bedded halite were sampled in
the Empress 1A core from ~1480 m – 1520 m depths. Here, I used petrography to describe
suspect microorganisms and organic compounds that were trapped in primary fluid inclusions at
the time the halite was precipitating in the Neoproterozoic. This is the first study to focus on
suspect organic material in primary fluid inclusions in the Browne Formation, and the first study
to look for microorganisms in halite of this age.
Suspect microorganisms were generally classified as either suspect algae or suspect
prokaryotes based on their optical properties, including size, shape, color, and response to UVvis light. Suspect prokaryotes were the most common suspect microorganism in Browne
Formation halite. They are generally ~0.5 - 1 µm cocci, are bright with high relief, and can
appear white or pale orange to pale blue when viewed under plane transmitted light. They
exhibited pale yellow or white fluorescence under UV-vis light. In contrast, suspect algae are 3 5 µm spheres that are pale orange, pale yellow, or clear. Many have a thick, dark outer boarder
or a dark dot in the center. Some appear to have a dimpled surface texture, while others have a
‘halo’ of a viscous liquid, such as glycerin or beta-carotene. Suspect algae fluoresce white to
gold or pale red under UV-vis light. Suspect organic compounds occur as viscous liquid halos
around suspect algae and air bubbles. They also appear as irregular, blobby shapes that are
colorless to pale yellow. They may fluoresce pale white, pale blue, pale yellow, or pale red and
are often observed in the same fluid inclusions as suspect microorganisms.
Fluorescent response was not ubiquitous in all suspect organic material and therefore
should only be considered as supporting evidence that a given suspect is organic in origin. The
discrepancy in may be due to age and/or burial depth. Future work should utilize laser Raman
spectroscopy to chemically characterize suspect organic material.
In addition to suspect organics, primary fluid inclusions also contained accidental
daughter crystals. Common daughter crystals are clear acicular to tabular/platy minerals, which
are likely gypsum/anhydrite. Other, rare daughter crystals have an unknown composition.
Minerals were also observed as solid inclusions in halite. Mineral inclusions may represent
crystals co-precipitating in shallow saline waters or detrital grains transported by wind.
This study shows that microorganisms and organic compounds can be preserved for
hundreds of millions of years in primary fluid inclusions in halite. These prokaryotic and algal
cells, found together with organic compounds in remnant Precambrian surface brines,
demonstrate exceptional microfossil preservation for a long geological time period. These results
from the Neoproterozoic Browne Formation also have implications for the detection of potential
biosignatures on Mars. Any chemical sediments returned from Mars should use optical methods
for preliminary investigations.
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INTRODUCTION
On Earth today, microorganisms are ubiquitous. They can survive and thrive in almost
every environment, even in those with extremes in salinity, pH, temperature, and/or pressure. For
example, diverse and abundant microbial communities have been documented in extremely
saline environments (e.g., Lee et al., 2018; Zaikova et al., 2018). Microorganisms living in these
brines can become trapped in rapidly growing evaporite minerals as they precipitate from brines
(e.g., Conner and Benison, 2013; Lowenstein et al., 2011). They can be preserved either as solid
inclusions or as solids trapped in parent water in fluid inclusions. These microfossils provide an
excellent snapshot of the microbial communities living in shallow brines. Do ancient halites also
contain microorganisms preserved during deposition?
The main goal of this research is to detect and characterize any organic material, such as
microorganisms or organic compounds, that are preserved in primary fluid inclusions and as
solid inclusions in bedded halite from the Neoproterozoic Browne Formation of the Officer
Basin of central Australia. This study utilizes fluid inclusion petrography with transmitted and
UV-vis light sources. This work has implications for our understanding of early life on Earth and
the ongoing search for life on Mars.

BACKGROUND
Evaporite Sedimentology
Halite is a chemical sediment that precipitates from brines when the waters are enriched
enough in sodium and chloride ions to reach saturation with respect to halite.
Evapoconcentration, the evaporation of surface waters and resulting concentration of ions, is a
common way for natural surface waters to become saturated with respect to halite. Halite can
form several ways, including: (1) as bottom-growth chevron crystals, cumulate crystals, and/or
1

efflorescent crusts, all of which precipitate from saline waters at the surface; (2) as displacive
crystals that grow from shallow saline groundwaters in unconsolidated sediments; and (3) as
cements between grains, in fractures, and in dissolution features. The chevron, cumulate, and
efflorescent halite all form beds at the Earth’s surface, so they are called “bedded halite” and are
considered chemical sediments.
Bedded halite forms in ephemeral saline lakes, perennial shallow saline lakes, perennial
deep saline lakes, as well as in arid-climate lagoons and tidal flats (e.g., Schubel and Lowenstein,
1997; Lowenstein and Hardie, 1985; Handford, 1991). Differences in halite crystal size, crystal
type, and syndepositional features are used to distinguish among depositional environments.
Recognizing these halite-specific features allow for detailed depositional conditions to be
interpreted.
Although no detailed sedimentological descriptions have been published for the Browne
Formation, preliminary data from two cores suggest bedded halite formed in ephemeral saline
environments. Spear (2013) and Bernau (2017) observed features including chevron and
cumulate crystals, efflorescent crusts, and dissolution surfaces in the bedded halite of the Browne
Formation.
The marine or non-marine origin of halite in the Browne Formation is unresolved. Spear
(2013) assumed the Browne Formation is of marine origin due to the presence of halite, gypsum,
and rare stromatolites. However, these are not diagnostic of marine halite. In contrast, Bernau
(2017) suggested a non-marine origin, citing the sedimentological similarities between the
Browne Formation and continental acid-saline-lake deposited red beds and evaporites, such as
modern lake systems in southern Western Australia and the Permian Nippewalla Group of
Kansas (Benison and Goldstein, 2002; Benison et al., 2007).
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Halite precipitated in ephemeral saline systems may partially dissolve if there is an influx
of waters that are dilute relative to the brine. Incoming waters may be from seawater, meteoric
water (directly or via sheetfloods), and/or springs, depending on the geologic setting. The
addition of dilute waters can result in dissolution pipes, dissolution surfaces, and/or rounded
crystal edges (Lowenstein and Hardie, 1985). The influx of water can also carry suspended
siliciclastics that settle and form mud drapes over halite crystals.
Evapoconcentration stages in shallow, Na-Cl-rich surface brines promote the formation
of halite chevron crystals and cumulate crystals (Fig 1). Chevron crystals form at the sedimentwater interface in waters less than ~ 0.5 m deep and grow upward. They are cm-scale, elongated
crystals with fluid inclusion-rich growth bands (Shearman, 1978; Lowenstein and Hardie, 1985;
Wardlaw and Schwerdtner, 1966). Cumulate crystals are mm-scale and form at the air-water
interface and/or in the water column (Lowenstein and Hardie, 1985). At the air-water interface,
some grow together to form floating cumulate rafts that, once large enough, may sink to the
bottom and serve as nucleation sites for further halite growth (Arthurton, 1973; Shearman, 1970).
If saline surface waters desiccate, efflorescent crusts with polygonal expansion fractures
form. Efflorescent crusts are subaerially-exposed laminations or thin beds composed of
microscopic crystals that precipitate quickly when shallow groundwaters are wicked to the
surface and evaporate (Smoot and Castens-Siedell, 1994). Efflorescent crusts can be recognized
in ancient bedded halite as buckled or cracked laminations and/or thin beds of microcrystalline
saline minerals.
Subsequent repetitions of flooding, evapoconcentration, and desiccation leads to the
precipitation of beds of halite chevrons and cumulates that are cross-cut by dissolution pipes,
filled with clear halite cement, and are overlain by efflorescent crusts (Lowenstein and Hardie,
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1985). The crystal types and early diagenetic features can be used as proxies for water depth,
water chemistry, and local weather in ephemeral saline systems (Lowenstein and Hardie, 1985).

Figure 1. Illustration of cumulate and chevron halite crystals growing in shallow surface waters and
trapping mineral crystals, microorganisms, and organic compounds in primary fluid inclusions during
crystal growth phases.

Fluid Inclusion Petrography
As halite crystals grow from surface water, there are tiny imperfections in the crystal face
due to its 3 = 90° cleavage planes. These imperfections heal over and create cubic pockets of
trapped water called fluid inclusions. Fluid inclusions that are trapped upon crystal growth are
considered primary, have a negative crystal shape, and are aligned in growth bands parallel to
crystal faces (Goldstein and Reynolds, 1994; Fig. 1). In addition to parent waters, fluid
inclusions can also entrap solids and/or gases (Fig. 1)
Chevron halite crystals are commonly characterized by alternating macroscopic (mmscale or less) growth bands of clear and cloudy halite. Cloudy bands contain abundant primary
fluid inclusions, while areas of clear halite contain few, if any, primary fluid inclusions
4

(Shearman 1978). Bands with abundant primary fluid inclusions form during rapid crystal
growth; in contrast, clear, inclusion-poor bands form during relatively slower growth (Roedder,
1984).
Halite can contain primary and secondary fluid inclusions that can be distinguished by
their size, shape, and distribution. Primary inclusions are cubic to subcubic, are oriented parallel
or subparallel to one another along growth bands, and commonly range in size from 5 µm – 30
µm. In contrast, secondary inclusions are irregularly or elliptically shaped, generally larger than
primary inclusions. They are distributed along curved planes and may cut across bands of
primary fluid inclusion assemblages and/or crystal boundaries (Roedder, 1984; Goldstein and
Reynolds, 1994, see Fig. 9 in Benison and Goldstein, 1999; see Figure 5 in Bernau, 2017).
The distinction between primary and secondary fluid inclusions is important because
primary fluid inclusions represent original materials that were trapped when the halite
precipitated. In contrast, secondary fluid inclusions form as fractures are healed by diagenetic
fluids and their contents could have originated at any time after deposition.
In unaltered bedded halite, primary fluid inclusions may show very slight alteration as a
result of heat and/or pressure from burial. Fluid inclusion studies allow for the recognition of
such features, including stretching, leaking, and/or phase changes, and can therefore be avoided
(Goldstein and Reynolds, 1994). Stretching of fluid inclusions can be recognized by “tails” of
smaller fluid inclusions extending from a corner of an inclusion (see Fig. 34 in Roedder, 1984).
Fractures in the halite crystal may cause the contents of nearby fluid inclusions to leak. Phase
changes may occur due to warming during moderate – deep burial or by post-entrapment cooling
and contraction of the inclusion liquid that originally formed by hot liquids (e.g., Roedder and
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Belkin, 1980). The migration of elements, such as hydrogen, through halite is not likely and has
only been shown to be negligible at high pressure and temperature conditions (Hall et al., 1991)
Large fluid inclusions, and primary fluid inclusions on the edges of crystals are most
vulnerable to changes. Even if alteration of fluid inclusions are recognized in a crystal, there may
still be unaltered fluid inclusions in the same crystal. The centers of halite crystals tend to remain
unaltered (Petrichenko, 1979; Roedder, 1984).
Alteration of fluid inclusions does not always render them unfeasible for fluid inclusion
studies. Primary inclusions that may have stretched slightly due to heat and/or pressure during
burial can exhibit rounded corners and non-ubiquitous air bubbles. These fluid inclusions would
still be usable for measuring homogenization temperature and composition because there was no
change in volume or content of fluid inclusions. On the other hand, fluid inclusions that have
changed volume due to stretching or leaking would be valid for water composition studies, but
not temperature studies.
Primary fluid inclusions can contain various solids and liquids, in addition to parent
waters such as gas phases, mineral crystals, and/or organic material. Gas bubbles in primary fluid
inclusions in halite can be gases, such as air, hydrogen sulfide, or gaseous hydrocarbons from the
depositional environment. They could also be vapor that formed during stretching of inclusions.
Petrographic observations help distinguish which type of gas bubbles are present. If only a small
percentage of fluid inclusions in an assemblage with evidence for growth in a partially subaerial
environment (such as cumulate halite crystals) contain gas bubbles, they are likely trapped air. If
most or all inclusions have gas bubbles and they have a consistent vapor: liquid ratio, they are
likely due to changing conditions post-burial (Goldstein and Reynolds, 1994).
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Primary fluid inclusions can contain mineral crystals. Daughter crystals are minerals
inside fluid inclusions. Accidental daughter crystals are crystals that already exist in the
depositional environment and get trapped “accidentally” in primary fluid inclusions as halite
grows around them. The presence of accidental daughter crystals may indicate that other
minerals were co-precipitating in the parent surface brine.
True daughter crystals are those which precipitate from water inside a fluid inclusion as a
result of post-entrapment change in water temperature (Goldstein and Reynolds, 1994). If true
daughter crystals are present, they exist in all fluid inclusions in a fluid inclusion assemblage.
These true daughter crystals will shrink and disappear if the inclusion is heated to original
temperature of the parent liquid. However, bedded halite forms in shallow surface brines (<0.5
m) and there is typically little difference between ancient surface temperatures and pressures
during deposition, compared to present surface conditions. For this reason, true daughter crystals
are rare in primary fluid inclusions in bedded halite.
Microorganisms, including halophilic archaea, bacteria, and Dunaliella algae, have been
documented in primary fluid inclusions in halite and gypsum (e.g., Vreeland et al., 2000;
Schubert et al., 2009a, 2009b, 2010a, 2010b; Conner and Benison, 2013; Mormile et al., 2003;
Fendrihan and Stan-Lotter, 2004; Fendrihan et al., 2006; Norton and Grant, 1988; Norton et al.,
1993; Grant et al., 1998; Benison and Karmanocky, 2014). Studying trapped microorganisms and
organic compounds in primary fluid inclusions can provide a snapshot of microbial life in past
extreme environments. This current thesis study focuses on the contents of primary, unaltered
fluid inclusions.
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Life in Halite
Looking to evaporites for evidence of past life is not an idea novel to this thesis. Previous
work in the fields of geology and microbiology has documented microorganisms and organic
compounds within fluid inclusions in modern and ancient halite and gypsum. These studies
include: (1) microbiological analyses of halite by bulk crushing (e.g., Norton et al., 1993;
McGenity et al., 2000); (2) microbiological analyses of extracted inclusion fluids from single,
large inclusions (e.g., Mormile et al., 2003; Vreeland et al., 2000, 2007; Stan-Lotter et al., 2002;
Schubert et al., 2010; Gruber et al., 2004; Sankaranarayanan et al., 2011, Fish et al., 2002); and
(3) nondestructive, in situ, petrographic observations and geochemical measurements of
individual fluid inclusions (e.g., Benison, 2019; Schubert et al., 2009; Lowenstein et al, 2011).
Only the latter style of study allows for confirmation that the microorganisms and organic
compounds exist in primary fluid inclusions.
The main advantage of traditional microbiological methods is that they may allow for
species-level identification of life in fluid inclusions in halite (e.g., Mormile et al., 2003;
Vreeland et al., 2000). Viable prokaryotes and eukaryotes may be isolated, cultured, and
classified using 16S rRNA and 18S rRNA sequencing, respectively. However, there have been
criticisms about exactly what portion of the halite was sampled. For example, obtaining sample
by crushing halite would mix primary fluid inclusions with any secondary fluid inclusions,
potentially contaminating the depositional microbial community with a later, diagenetic
microbial community, and similarly, large (>200 µm) fluid inclusions frequently targeted for
aseptic extraction may be of either primary or secondary origin (Mormile et al., 2003; Hazen and
Roedder, 2001). In contrast, extraction of fluid from one inclusion requires an exceptionally
large inclusion, which, in many cases, are not primary fluid inclusions. In addition, culturing
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prokaryotes from inclusion fluids extracted from halite has had a low success rate (Schubert et
al., 2010b).
Historically, it has been assumed that prokaryotes are dominant in extreme environments,
and much more diverse and abundant that eukaryotic microorganisms. As a result, most
destructive microbiological methods that aim to identify microorganisms in brines and halite
have solely used 16s rRNA analyses, which only detects prokaryotes (e. g., Reiser and Tasch,
1960; Dombrowski, 1963; Mormile et al., 2003; Vreeland et al., 2000). However, metagenomic
studies of some modern acid brines show an abundance of fungi and algae (Zaikova et al., 2018).
Previous work has documented microorganisms and organic compounds with nondestructive petrographic and geochemical techniques in modern and recent halite and modern
gypsum from Saline Valley, Death Valley, Western Australia, and Chile (Connor and Benison,
2013; Schubert et al., 2009b, Benison and Karmanocky, 2014). Non-destructive petrography of
primary fluid inclusions in Death Valley and Saline Valley halite as old as 30 ka documented
prokaryotes, Dunaliella algae, and organic compounds (Schubert et al., 2009; Lowenstein et al.,
2011). Microorganisms and organic compounds have also been observed petrographically in
primary fluid inclusions in Permian halite from the Nippewalla Group of Kansas and the Opeche
Shale of North Dakota (Benison, 2019). Once visually identified, laser Raman spectroscopy can
be used to chemically characterize suspect organics. For example, suspect microorganisms
would be expected to have a disordered graphite signature, while organic compounds like
glycerin and beta-carotene would have unique spectral signatures (Conner and Benison, 2013;
Winters et al., 2013).
The drawback of in situ analyses is that the classification of organisms is general (not at
species level and only uncommonly at genus level). It is limited to visual observations and
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general chemical compositions, both based on optical quality. The benefit is the ability to
compare morphology, fluorescence, and the chemical composition of organisms and associated
organic compounds from different geologic time periods. Additionally, it gives confirmation that
any organic material originated in parent waters because they are from identified primary fluid
inclusions. Finally, it precludes any post-entrapment contamination.
Microorganisms and organic compounds in primary fluid inclusions in modern halite and
gypsum have been linked to their parent lake waters. Modern acid saline lake waters in Western
Australia and Chile with pH as low as 1.4 and salinity as high as 32% TDS have diverse
communities of microorganisms (e.g., Escudero et al., 2013; Zaikova et al., 2018). Combined
petrography and laser Raman spectroscopy of halite and gypsum from these environments
detected microorganisms and organic compounds. Primary fluid inclusions in modern acid halite
and gypsum from Western Australia and Chile contain prokaryotes, algae, some suspect fungi,
and organic compounds, including beta-carotene and long chain hydrocarbons (Conner and
Benison, 2013; Benison and Karmanocky, 2014; Karmanocky and Benison, 2016; Benison,
2019). Similarities between microorganisms in modern saline lakes and in primary fluid
inclusions in halite and gypsum that grew from those waters demonstrate that primary fluid
inclusions are representative of parent lake waters.
How long can microorganisms and organic compounds be preserved in the geologic
record in halite? Can they be detected in bedded halite using petrographic methods? The main
objective of this thesis is to detect and document any microorganisms and organic compounds in
bedded halite from the 830 million-year-old Browne Formation of central Australia. This is the
first detailed study of microorganisms in Precambrian fluid inclusions.
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The Neoproterozoic Browne Formation
The Browne Formation is found in the subsurface of the Officer Basin in central Western
Australia (Fig. 2). The Empress 1A and Lancer 1 cores were drilled in 1997 and 2003,
respectively, by the Geological Survey of Western Australia. Both contain the Browne
Formation from its basal contact to upper contact. The Empress 1A core, from which samples
were used for this study, was drilled to a total depth of 1624.6 m below the surface, with the
Browne Formation comprising ~274 m thickness (1521.8 - 1247.1 m; Stevens and Apak, 1999).
Stratigraphically, the Browne Formation is part of the middle Buldya Group (Grey et al., 2005;
Fig. 2). Its age has been estimated as ~830 Ma using combined radiometric dating of associated
basalt flows, as well as biostratigraphy, lithostratigraphy, and isotope stratigraphy of the Browne
Formation (Hill et al., 2000). Prominent lithologies of the Browne Formation include red
siliciclastic mudstones, red sandstones, bedded gypsum/anhydrite, bedded halite, and
dolomite/chert (Fig. 3; Haines et al., 2004; Spear, 2013). The most abundant lithology in the
Browne Formation is displacive halite in a red mudstone or red sandstone matrix (Benison, pers.
comm.).
Most previous work on the Browne Formation has focused on halite and stromatolite-rich
dolomite/chert intervals (Grey et al., 2005). The marine or non-marine origin of these rocks is
still inconclusive, although some previous workers have used the presence of stromatolites and
salt minerals to claim a marine origin (Grey et al., 2005; Spear, 2013; Spear et al., 2014).
However, the most abundant rock types are comprised of red siliciclastics with halite cement or
displacive halite crystals; these strongly resemble Permo-Triassic continental deposits and
modern saline lake and associated deposits of southern Western Australia (Andeskie et al., 2018;
Benison et al., 2007; Benison and Goldstein, 2000, 2001). Preliminary fluid inclusion freezingmelting studies and laser Raman analyses suggest parent waters that had high salinity and
11

possible low pH (Bernau, 2017). So, although the Browne Formation has not been well described
in its entirety, it is lithologically similar to Permo-Triassic deposits formed by ephemeral acid
saline lake systems.

Figure 1. Stratigraphic and geographical context of the Browne Formation and core locations. (A)
General stratigraphic context of the Browne Formation in the Buldaya Group (after Haines et al., 2005)
(B) Location of Empress 1A and Lancer 1 core in the Officer Basin of central Australia. (after Spear,
2013 and Bernau, 2017).

Observations suggesting the presence of microorganisms have been documented in
siliciclastics and cherty dolomite units of the Browne Formation. Cotter (1997, 1999) described
an assemblage of acritarchs, microorganisms that were likely unicellular eukaryotes, that was
very similar to those of similarly aged formations in adjacent depositional basins. Much of the
stromatolites have been chertified. Altered bacterial remains of a rapidly crystalizing microbial
mat has been inferred (Cotter, 1997, 1999).

12

Figure 3. Generalized measured section of halite rich portion of the Empress 1A core (modified after
Bernau, 2017). Red arrows point to sample locations of this thesis.
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Bernau (2017) conducted laser Raman spectroscopy on accidental daughter crystals in
primary fluid inclusions in bedded halite of the Browne Formation. He detected a diverse
assemblage of unknown hydrated sulfate minerals. In addition, anhydrite, disordered graphite,
and iron oxides were identified.
Spear et al. (2014) and Spear (2013) analyzed primary fluid inclusions in Browne
Formation halite for major ions Ca, Mg, and SO4, using environmental scanning electron
microscopy-electron dispersive spectroscopy. The Browne Formation halite was assumed to
have had a marine origin and, therefore, Ca:Mg:SO4 ratios were used to interpret ancient sea
water composition. However, Ca, Mg, and SO4 are abundant constituents of both marine and
continental brines. Without independent diagnostic evidence of marine origin of the Browne
Formation, one can only conclude that the Proterozoic surface waters that precipitated the halite
were Na-Ca-Mg-Cl-SO4 brines.
Blamey et al. (2016) analyzed the Browne Formation halite for Proterozoic atmospheric
oxygen levels. They interpreted Neoproterozoic air to contain an average of 10.9% O2, a measure
that is higher than previous estimates for this time period and, ultimately, corresponds to major
evolutionary events. However, this study did bulk halite crushing analysis and the result could
include contributions from secondary inclusions.
METHODS
Sample preparation
Core samples of the Neoproterozoic Browne Formation from the Empress 1A core were
used for this study. Bedded halite-rich areas of core were photographed, slabbed, and bagged at
the Geological Survey of Western Australia (GSWA) Core Repository in Perth by Kathleen
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Benison in January of 2015. Because the GSWA limited the volume and size of core pieces
sampled, only an estimated <5% of the core was available for use in this study (Bernau, 2017).
Samples from the Empress 1A core spanned depths of 1520.1 m - 1480.7 m. In areas of
core samples with bedded halite textures, I used a razor blade to break off chips of halite. I used
ultra-fine grit sandpaper to thin halite chips to ~1-2 mm, a thickness that is optimal for
petrographic study. To remove striations on the surface of a chip that result from using sandpaper
and the razor blade, I polished halite chips between my fingers. The surfaces of halite chips were
crudely disinfected by rubbing the chip between my fingers after washing my hands and
touching a disinfectant wipe. This helped minimize the bright fluorescence of any surface
microorganisms that can obscure the pale fluorescence of organic material inside the halite,
while also preventing significant dissolution. For this study I selected 15 halite chips distributed
among the nine sampled depths available to me.

Fluid Inclusion Petrography
Prepared halite chips were examined with Olympus microscopes with long working
distance lenses and 6.3 - 2000x magnification range, allowing micron-scale resolution. I utilized
transmitted light, cross-polarized light, and UV-vis light. First, I viewed chips at low
magnification under transmitted light to identify primary fluid inclusions. Then, at up to 2000x
magnification, I examined individual fluid inclusions for suspect microorganisms and organic
compounds with plane transmitted, combined plane transmitted and UV-vis, and UV vis light.
UV-vis light included 330 nm and 385 nm wavelengths. I documented size, shape, color of
suspect organics, and florescent response to UV-vis light with photomicrographs using SPOT 5
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Flex camera software. Additionally, if there were daughter crystals present or other crystals as
solid inclusions in the chips, I viewed and photographed them under cross-polarized light.

RESULTS
Core and Chip Observations
The color of halite in core samples in natural light included pale orange, rusty orange,
pale red, and light to dark brown (Fig. 4; for more core photos see Bernau, 2017, appendix 1).
Some halite crystals can be seen in core samples. However, distinction between chevron and
cumulate halite crystals is best observed under the microscope at low power magnification (Fig
5).
Core samples had thin areas of siliciclastic mud, that occasionally outlined halite crystals
(Fig. 4A, 4B, 4I). Siliciclastic mud was white, gray, pale red, and light brown. For most halite
chips, primary fluid inclusions comprised <60% of the chip. Most chips also contained
secondary inclusions, solid inclusions, and areas of fluid inclusion-free clear halite.

16

Figure 4. Photographs of core pieces of bedded halite from the Browne Formation.

Fluid Inclusion Petrography
I identified fluid inclusions in fifteen prepared halite chips of bedded halite taken from
six depths of the Empress 1A core. Halite crystals in the Browne Formation halite ranged in size
from ~ 0.75 – 6 mm (Fig. 5). Chevron crystals were less common, and larger than cumulate
crystals. Most halite crystals were recognized by patches of densely packed cubic to sub cubic
fluid inclusions. Less than half of the crystals observed have sharp boundaries at the edges of the
crystals and distinct bands of fluid inclusion-rich and fluid inclusion-poor areas.
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Figure 5. Halite crystals in Browne Formation halite. (A) cumulate halite crystal from 1498 m depth, (B)
chevron (?) crystal at 1520 m depth, and (C) cumulate (?) crystal from 1502 m depth.

The Browne Formation halite contains multiple types of fluid inclusion assemblages.
Some fluid inclusion assemblages consist of cubic-subcubic, 5-30 µm long fluid inclusions,
aligned along parallel planes and situated primarily in the interiors of halite crystals. On average,
approximately <10% of fluid inclusions in these assemblages contained air bubbles. These are
considered primary fluid inclusions. In contrast, other fluid inclusion assemblages consist of
fluid inclusions as large as ~ 0.1 mm long with irregular shapes, situated on curved planes that
either cross-cut primary fluid inclusion assemblages or are found at the boundaries between
halite crystals. These are considered secondary fluid inclusions. (Fig. 6).
In addition to cubic to sub-cubic primary fluid inclusions, some samples also contained
some large, isolated inclusions. Because they are not associated with other fluid inclusions, their
primary or secondary origin cannot be established, but several were observed briefly in this
study. The size of these inclusions was much greater than typical primary fluid inclusions,
ranging from generally 30-150 µm. Their shape varies from sub-cubic to very irregular. Large
isolated inclusions were observed near growth bands or fluid inclusion rich areas but were more
common in areas of clear halite. They tended to have abundant daughter crystals, and rarely
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Figure 6. Types of fluid inclusions in bedded halite of the Browne Formation. (A, B) primary fluid
inclusions in halite; (A) is a chevron crystal, with alternating clear and cloudy bands of fluid inclusions at
1520 m depth and (B) shows primary fluid inclusions in a cumulate crystal at 1498 m depth; (C)
secondary fluid inclusions in halite at 1498 m depth.

clumps of suspect organics (Fig. 7). However, documentation of isolated fluid inclusions is only
preliminary because many were observed in chips that were not examined in detail because they
did not contain primary inclusions.
Secondary fluid inclusions were commonly seen in samples prepared for this study. If a
chip only contained secondary fluid inclusions, it was not studied in further detail. This study
focused on primary fluid inclusions.

Suspect Microorganisms
There were two general types of suspect microorganisms observed in Browne Formation
halite primary fluid inclusions. Some appear as smaller smooth spheres and some are larger,
textured spheres.
Smaller, ~0.5 µm to ~1 µm “cocci” spheres are the most common microorganisms
observed in the Browne Formation halite. They exist both within fluid inclusions and as solid
inclusions. Small cocci are bright with high relief and can appear white or pale orange to pale
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blue when viewed under plane transmitted light (Fig. 8). Fluorescence when viewed with UV-vis
light is not ubiquitous. If a UV response is present, they exhibit pale gold to white, or blue
fluorescence (Fig. 9).

Figure 7. Large, isolated inclusions.
(A) Abundant accidental daughter
crystals in fluid inclusion at 1499 m
depth; A1 transmitted light, A2,
polarized light. (B) Abundant
suspect microorganisms in fluid
inclusion at 1520 m depth; B1:
Transmitted light, B2: UV-vis light.

As solid inclusions in halite, small cocci were in clear, inclusion-poor areas (Fig. 10).
When viewed under plane light, they appear white and barely distinguishable from host halite
and as black spots when slightly out of focus. They were easier to recognize with UV-vis light as
they fluoresce pale yellow to white.
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Figure 8. Suspect cocci microorganisms in primary fluid inclusions in halite, viewed under transmitted
light. (A, C, D, E, F, G, K, L) are at 1520 m depth; (B) is at 1499 m depth; (H) is at 1498 m depth; (I, J)
are at 1489 m depth.
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Figure 9. Suspect cocci microorganisms in primary fluid inclusions in halite at 1520 m depth. (A-D) are
paired images of the same fluid inclusion viewed with different light sources. (A1, B1, C1, D1) are
viewed under transmitted light; (A2, B2, C2, D2) are viewed under combined transmitted and UV-vis
light; (A3, B3, C3, D3) are viewed under UV-vis light.
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Figure 10. Suspect cocci microorganisms as solid inclusions in halite at 1520 m depth. (A1, B1, C1) are
viewed under transmitted light; (A2, B2, C2) are viewed under combined transmitted and UV-vis light;
(B3, C3) are viewed under UV-vis light.

Larger spheres are 2 - 5 µm in diameter. They are pale orange, pale yellow, or clear when
viewed under plane transmitted light (Fig. 11) and often have a dark border (ex: Fig. 11C). Some
spheres have a dark spot inside the sphere (ex: Fig. 11B, 11K, 11E) or a thin, ~ 1 µm ‘halo’ of a
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viscous liquid. Rarely, they appear to have a dimpled surface texture (Fig. 11A). Fluorescent
response is not ubiquitous. When suspect algae exhibit fluorescence, it is pale gold to white (Fig.
12). Large spheres were not observed as solid inclusions in halite.
Larger spheres were rarely observed in clumps. Rare clumps, such as shown in Figure
7B, consist of >30 suspect algae ranging in size from ~ 3 - 8 µm within in a single fluid
inclusion.
In general, the focus of UV-vis light at high magnifications seems to vary by specific
microscope objectives. Optimal fluorescent response was detected at 960 x magnification.
However, the ~0.5 µm to ~1 µm cocci are best seen at 1250 – 2000 x magnification. They
exhibit fainter fluorescent response than do larger suspect microorganisms (Fig. 13).
Suspect Organic Compounds
Suspect organic compounds in fluid inclusions are viscous liquids or amorphous solids.
Liquid organic compounds were observed most commonly around gas bubbles, or as halos
around suspect microorganisms, and less commonly as solids.
Suspect organic compounds observed around air bubbles were largely indistinguishable
in plane transmitted light because gas bubbles have thick, dark rims but were observed under
UV-vis light. They were recognized as such because their fluorescent response to UV-vis light
was more pronounced at the edges of the bubble and fainter in the center (Fig. 14). Organic
compounds surrounded gas bubbles of varying sizes, commonly ~3-20 µm. Size of the
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Figure 21. Spherical suspect microorganisms in primary fluid inclusions viewed under plane transmitted
light. (A-F, I-L) are at 1520 m depth; (G) is at 1498 m depth; (H) is at 1489 m depth.
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Figure 12. Spherical suspect microorganisms in primary fluid inclusions in halite at 1520 m depth. (A-D)
are paired images of the same fluid inclusion viewed with different light sources. (A1, B1, C1, D1) are
viewed under transmitted light; (A2, B2, C2, D2) are viewed under combined transmitted and UV-vis
light; (A3, B3, C3, D3) are viewed under UV-vis light.
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Figure 13. Suspect microorganisms with varying strength of fluorescent response in primary fluid
inclusions in halite from 1520 m depth. A1, A2, and A3 are the same field of view under different light
sources. (A1) is viewed under transmitted light; (A2) is viewed under combined transmitted and UV-vis
light; (A3) is viewed under UV-vis light.

vapor bubble does not seem to matter. Suspect organic compounds encasing air bubbles
exhibited white, blue to blue-green, or pale orange to red UV fluorescence (Fig. 14). Rare
organic compounds around vapor bubbles contain crystallized solids (Fig. 15B). Additionally,
suspect organic compounds rarely appeared independently as amorphous solids. They were clear
to pale yellow and exhibited a faint UV fluorescence (Fig. 15D-E).

Distribution of Suspect Microorganisms
It was common to see small cocci as the only microorganism in a fluid inclusion. In some
halite crystals that did not seem to have many, if any, suspects, there was usually at least a
couple (< 5) of suspect prokaryotes.
In the observations in this study, small cocci solid inclusions were not found in isolation.
Rather, they tend to be concentrated to an area. Rarely, there would be an isolated, very small
(<5 um) cubic fluid inclusion among them in clear halite (Fig. 10). Because small cocci are
difficult to recognize due to their small size, they were only observed if they exhibited
fluorescence.
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Figure 34. Suspect organic compounds surrounding air bubbles at 1520 m depth. (A-D) are paired images
of the same fluid inclusion viewed with different light sources. (A1, B1, C1, D1) are viewed under
transmitted light; (A2, B2, C2, D2) are viewed under combined transmitted and UV-vis light; (A3, B3,
C3, D3) are viewed under UV-vis light.
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Figure 45. Suspect
organic compounds
from 1520 m. (A)
surrounding a suspect
microorganism, (B) as
a solid surrounding an
air bubble, (C) as a
viscous liquid
surrounding an air
bubble. (D, E1) Suspect
organic compounds as
amorphous solids under
plane-transmitted light,
(E2) suspect organic
compound as an
amorphous solid under
UV-vis light.

There is a wide range of abundance of fluid inclusions that contain microorganisms. On
the high end, in some halite crystals up to ~40% of primary inclusions contained suspect
microorganisms (Fig. 16). There were also halite crystals in which <5% of primary fluid
inclusions hosted suspect microorganisms. Organic compounds were more abundant than suspect
microorganisms in most crystals. There were many fluid inclusions that contained an organic
compound, but no suspect microorganism.

Figure 16. Distribution of suspect microorganisms
in halite at 1520 m depth.
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If primary fluid inclusions contain a suspect microorganism, it was most common to see
one to three in the same inclusion. Rarely, a single primary fluid inclusion would contain several
(10 or more) suspect microorganisms. These fluid inclusions typically had both small cocci and
larger spheres, as well as daughter crystals and less common suspect organic compounds (Fig.
17). Fluid inclusions with several suspect microorganisms were generally larger than
surrounding inclusions.

Figure 17. Primary fluid inclusions with several suspect microorganisms, daughter crystals, and air
bubble from 1520 m depth. (A1, A2) Paired images of the same fluid inclusion viewed under transmitted
light and UV-vis light; (B1, B2) paired images of the same fluid inclusion viewed under transmitted light
and combined transmitted and UV-vis light; (C, D) fluid inclusions viewed under transmitted light.
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Daughter Crystals
A variety of daughter crystal morphologies were observed in primary fluid inclusions.
Common occurrences include acicular (Fig. 18) and tabular to platy (Fig. 19) crystals that are
colorless when viewed under plane light. When viewed under crossed polars, birefringence of
acicular and tabular crystals was common but not ubiquitous, and was orange, blue, or white
(Fig. 20). Acicular and tabular crystals ranged in size from 5-30 µm. Some daughter crystals
exhibited twinning. There were some prismatic to rounded opaque minerals that generally ranged
from ~1-3 µm. Opaque minerals appeared black to blue-tinted under plane light (Fig. 21) and did
not exhibit birefringence. Daughter crystals might exhibit birefringence if they are non-isotropic
minerals such as sulfates or carbonates.

Figure 18. Acicular daughter crystals in primary fluid inclusions viewed under transmitted light. (A, E)
are at 1520 m depth; (B, C) are at 1498 m depth; (D, F) are at 1499 m depth.
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Figure 19. Tabular daughter crystals in primary fluid inclusions viewed under transmitted light. (A) is at
1520 m depth; (B, D, F) are at 1489 m depth; (C, E) are at 1498 m depth.

Rarely, other daughter crystals were observed. At 1489 m depth, pale yellow/green to
gray, matte textured solids were observed (Fig. 22A-C). These crystals appear planar and
commonly have 90 degree angles that fill the corner of a fluid inclusion and fade out of focus.
These solids did not exhibit birefringence. One green hexagonal (Fig. 22D) crystal was observed
at 1489 m depth.
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Figure 20. Paired photomicrographs of acicular and tabular daughter crystals. Paired views are in
transmitted light and cross-polarized light. (A, B) are at 1502 m depth; (C) is at 1499 m depth; (D, E) are
at 1498 m depth; (F) is at 1489 m depth.
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Figure 51. Rare opaque daughter
crystals at 1489 m depth viewed
under transmitted light.

Figure 22. (A-C) Rare pale green to
gray matte daughter crystals at 1498
m depth and (D) rare green
hexagonal daughter crystal at 1489
m depth. (A-D) viewed under
transmitted light.
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Solid Inclusions
Main types of solid inclusions present in halite were: 1) clear, prismatic minerals, 2) orange
tinted, prismatic minerals, 3) dark brown solids, 4) black, opaque solids, and 5) black to red prismatic
solids (Fig. 23; Fig. 24). Solid inclusions are commonly near planes of secondary fluid inclusions (Fig.
25). Clear and orange tinted prismatic minerals were the only solid inclusions to exhibit birefringence
under cross-polars. Clear and orange tinted prismatic minerals, and dark brown solids, were most
common in Browne Formation halite. They were observed in >90% of halite chips, although their
abundance within the chip varied significantly. Black opaque solids and black to red-ish solids were rare
and were only observed at 1489 m depth. Rarely, solid inclusions would surround fluid inclusion rich
bands or entire halite crystals (Fig. 26).

Figure 63. Various solid inclusions in halite. (A1, A2 and B1, B2) paired images viewed under
transmitted light and XPL; (C-D) viewed under transmitted light; (A) is at 1520 m depth; (B, C, D) are at
1489 m depth.
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Figure 24. Large solid inclusions
in halite at 1498 m depth. Paired
images (A1, A2 and B1, B2) are
viewed in transmitted light and
XPL.

Figure 75. Patches of solid inclusions in halite near secondary fluid inclusions at 1498 m depth. Paired
images are of the same field of view under (A) transmitted light and (B) XPL.
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Figure 26. Solid inclusions in halite surrounding (A) halite crystal from 1498 m depth and (B) a fluid
inclusion-rich band at 1520 m depth. Paired images (A1 and A2; B1 and B2) are viewed in transmitted
light and XPL.

INTERPRETATIONS
Halite Crystals/Bedded Halite
Browne Formation halite is interpreted as bedded halite that grew in shallow surface
waters because it contains cumulate and chevron halite crystals. Chevron halite crystals generally
forms in brines <0.5 m deep (Lowenstein and Hardie. 1985). Thin, white laminations of
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microcrystalline halite in core slabs (ex: Fig 4B) are efflorescent crusts, which suggests that this
halite was deposited in ephemeral settings.
Most of the halite crystals in this study were cumulates. In general, cumulate crystals are
smaller than bottom growth chevron crystals in bedded halite. They do not often have distinct
inclusion-rich and inclusion-poor banding, as opposed to chevron crystals. Alternating distinct
clear, inclusion-poor and cloudy, inclusion-rich bands are more common in chevron crystals than
cumulate crystals. Air bubbles occur in both types of crystals, however trapped atmospheric air is
more common in cumulates. Cumulate crystals often serve as nucleation sites for bottom growth
crystals when they sink to the sediment-water interface.
The edges of crystals were not very clearly defined, compared to similar halite beds in
modern halite (Lowenstein and Hardie, 1985; Benison et al., 2007). This made it difficult to
identify or interpret any possible dissolution surfaces or other early diagenetic processes. The
lack of sharp crystal boundaries could be a result of fluid inclusions being preserved best in the
center of crystals (Petrichenko, 1979; Roedder, 1984). Because halite from this study comes
from ~1480 m to 1520 m depth, these differences could be a due to heat, pressure, and/or time
(Benison and Goldstein, 2000).
Bedded halite from the Browne Formation contains primary fluid inclusions, indicating
well-preserved halite. Secondary fluid inclusion assemblages form planes that cross-cut the halite
and are easy to distinguish from primary fluid inclusions. Secondary inclusions are commonly
the result of diagenetic fluids migrating through halite crystals.
The primary fluid inclusions are interpreted as unaltered, well-preserved remnants of
shallow, saline surface waters that existed in central Australia ~830 million years ago. Primary
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fluid inclusions in chevrons are bottom surface waters, and primary fluid inclusions in cumulates
are preserved samples of the water column or water-air interface. The presence of both chevron
and cumulates, and the detection of some air bubbles suggests that there were shallow waters,
likely only tens of centimeters deep. Besides surface waters, some primary fluid inclusions
contained accidental daughter crystals, which indicate that the surface waters were likely
saturated with respect to minerals other than halite.

Suspect Prokaryotes
The ~0.5–1 µm cocci suspect microorganisms may be ancient, possibly miniaturized,
prokaryotes (Schubert et al., 2009b, 2010a, 2010b; Winters et al., 2015; Lowenstein et al., 2011).
The small size and smooth spherical shape is consistent with some modern prokaryotes.
Distinction between archaea and bacteria is not possible with only visual evidence.
It was difficult to assign a specific fluorescent response to individual microorganisms,
particularly suspect prokaryotes. When present, suspect prokaryotes exhibited a fainter
fluorescent response, presumably due to their small size.
The non-ubiquitous fluorescence of suspect microorganisms means that there were likely
suspect prokaryotes that went undetected since they were significantly easier to see with UV
light.

Suspect Algae
The ~2-5 µm spheres are interpreted as ancient algae. Evidence of dimpled surface
textures may indicate they are related to Dunaliella algae (Benison, 2019; Schubert et al.,
2010a). Dark spots inside suspect algae are possibly cell nuclei.
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Both suspect algae and suspect prokaryotes do not exhibit the same color fluorescence as
their modern counterparts (Conner and Benison, 2013; Benison, 2019). Therefore, color of
fluorescent response may not be diagnostic of either algae or prokaryotes, but it may be used as
evidence of organic origin. The color discrepancy may be due to degradation of organic matter
over time.

Suspect Organic Compounds
Organic compounds commonly produced by halophilic algae and halobacterium include
glycerin and beta carotene (Winters et al., 2015, Benison and Karmanocky, 2014; Benison,
2019). Therefore, these are likely the clear, yellow, or orange viscous liquids found in primary
fluid inclusions. This is supported by their occurrence surrounding suspect algae.
Crystalline organic compounds are distinguished from daughter crystals by their lack of
prismatic structure, lack of birefringence when viewed under cross polars, and slight
fluorescence when viewed with UV-vis light.

Daughter Crystals
The acicular and tabular to platy daughter crystals exhibit birefringence when viewed
under cross polars, signifying they are a non-isotropic mineral. However, similar morphologies
in modern halite from Western Australia and Permian Nippewalla Group bedded halite indicate
that these are likely hydrated sulfates, including gypsum (Jagniecki and Benison, 2010; Smith
and Benison, 2019 GSA abstract, Benison and Goldstein, 2000). The inconsistent birefringence
of daughter crystals is possibly due to their small size. Opaque daughter crystals might be iron
oxide (Bernau, 2017). They did not look different with reflected light, but they could have been
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too small. To identify other rare daughter crystals, there is a need for further analysis with laser
Raman spectroscopy.
Daughter crystals observed in the fluid inclusions in the Browne Formation halite are
assumed to be accidental daughter crystals because bedded halite forms in shallow surface brines
and there is little difference between present atmospheric conditions and depositional conditions.
Because accidental daughter crystals form in the brine at the same time as halite is
precipitating, they may tell indicate general changes water chemistry. Based on the variety of
minerals that seem to be present in primary fluid inclusions, the Browne Formation surface
waters may have been Na-Ca-Cl-SO4 rich with relatively high concentrations of some other
elements, which may include Fe.

Minerals as solid inclusions in halite
Clear, prismatic minerals and orange tinted, prismatic minerals observed in halite are
likely gypsum/anhydrite based on their optical properties and previous identification in the
Browne Formation halite (Bernau, 2017; Benison and Goldstein, 2000). Orange tinted minerals
may be coated in a thin layer of iron oxide. Dark brown solid inclusions that do not exhibit
birefringence may be siliciclastics, like mud. Black, opaque inclusions may be organic in origin
or iron oxide crystals and optical properties are similar to solid inclusions found in the Browne
Formation by Bernau (2017). Dark to red-ish solid inclusions may be crystalline beta carotene.
Minerals trapped as solid inclusions may represent the suite of minerals precipitating in
surface waters. Therefore, the presence of gypsum/anhydrite as crystals trapped within halite
suggest that surface waters were supersaturated with respect to both halite and anhydrite at
certain times. (Benison and Goldstein 2000). Abundant mineral inclusions immediately
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surrounding halite crystals may be an indication of rapidly changing water conditions, from
conditions that preferentially precipitate halite, to those that precipitate gypsum. Alternately,
minerals trapped as solid inclusions could be detrital grains transported by wind. Transported
grains would likely be rounded or have abraded textures.

Trends in abundance and type of microorganisms and daughter crystals
Trends in abundance of and type of microorganisms are not made as part of this study
because only limited depths of halite were examined. Future studies that might analyze a greater
range of depths of halite within the core may prove useful in estimating any temporal trends in
microorganisms.
It’s possible there are trends indicating changing water chemistry between depths of
bedded halite based on the distribution of daughter crystals and solid mineral inclusions.
However, there is not sufficient data in this study.

DISCUSSION
Browne Formation microfossils: Exceptional preservation of Precambrian life
Fossil evidence suggests prokaryotes and eukaryotes had already evolved by ~ 830 Ma.
Eukaryotes recognized from this time include algae, fungi, and acritarchs, which are likely cyst
stages of algae (e.g., Knoll, 1982; Chauvel and Schopf, 1978; Vorob'eva et al., 2009; Bonneville
et al., 2020). Plants, vertebrates, and invertebrates with hard parts had not evolved yet. While
some eukaryotes were multicellular (e.g., Schopf, 1974), large, macroscopic soft-bodied
organisms are not found until the Ediacaran Fauna ~ 635 Ma (e.g., Narbonne, 2005).
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Neoproterozoic life was preserved in a variety of ways. Most evidence of life in the
Precambrian is from microbial laminae and stromatolites (e.g., Hoffman, 1976). Additionally,
individual cells have been preserved as solid inclusions in chert, carbonates, and siliclastics (e.g.,
Schopf, 1968; LaBerge, 1967; Cotter, 1997; Chaudhuri, 1970; Butterfield, 2001). One prominent
example of this is the Bitter Springs Formation of central Australia. The ~ 850 Ma Bitter Springs
Formation, found in the subsurface of the Amadeus Basin in central Australia, is approximately
age-equivalent to the Browne Formation. It is primarily limestone and dolostone with layers of
fossiliferous chert (Wells et al., 1970). Microfossils from the Bitter Springs Formation chert have
been considered the best-preserve microfossils from the Precambrian. Cyanobacteria, algae, and
possibly fungi and heterotrophic bacteria have been identified as solid inclusions in the Bitter
Springs Formation chert (Schopf and Blacic, 1971; Schopf, 1968; Schopf, 1992; Southgate,
1986). Microfossils in the Bitter Springs Formation chert are preserved exceptionally well
morphologically, however the original organic material has been geochemically altered (Schopf,
1968). These microfossils are diverse and abundant, suggesting a habitable environment that is
spatially and temporally close to the Browne Formation.
Chert or carbonates can preserve individual microorganisms as solid inclusions, however
internal structure is often lost. Fossils of Ediacaran Fauna, while remarkable, are only
impressions and not body fossils. In this context, microorganisms preserved within primary fluid
inclusions in halite are exceptional because: 1) original organic material is preserved, 2) higher
visual resolution can allow for surface texture and internal structure to be seen if preserved, and
3) fluid inclusions also preserve parent waters that can provide information about environmental
conditions. Therefore, the microorganisms and organic compounds described in this thesis
represent the best known preservation of any Precambrian fossils.
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Major implications of preservation of microorganisms in ancient halite
There are well preserved primary fluid inclusions in Neoproterozoic Browne Formation
halite. The negative crystal shapes and orientation along growth bands in chevron and cumulate
crystals shows that the primary fluid inclusions represent original surface water remnants.
Primary fluid inclusions have objects within them that are consistent with prokaryotes,
eukaryotes like algae, and organic compounds. These suspect microorganisms have been trapped
since the halite precipitated ~830 Ma. In that time, they have not experienced significant
decomposition and are able to be optically recognized in situ.
Optical similarities between microorganisms and organic compounds in modern halite
with those in the Browne Formation show the long-term preservation potential of halite.
Microorganisms that once lived in ancient shallow surface waters can be preserved and detected
in primary fluid inclusions in halite for hundreds of millions of years. Fluids inside primary
inclusions serve as microhabitats for trapped microorganisms.
Finding suspect microorganisms in primary fluid inclusions in bedded halite implies that
the environment that Browne Formation halite formed in was habitable. Suspect microorganisms
found in primary fluid inclusions may be: 1) native microorganisms that were active halophiles
living in the brine; 2) microorganisms transported to the brine via wind or flood waters; or 3) a
mixed population of native halophiles and transported microorganisms. Some suspect algae in
the Browne Formation look similar to modern and Permian halophilic algae, so it is likely that at
least some suspect microorganisms are native to Browne Formation parent waters.
Any future work that identifies suspect microorganisms at the genus and species level
may contribute to further understanding habitable conditions in the Neoproterozoic. Successful
identification would allow for comparison to modern microorganisms in analogous
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environments. If similar microorganisms inhabit modern brines, paleoenvironmental conditions
may be inferred.
Modern halite chevron and cumulate crystals have been observed growing in hours to
days. It is likely that halite grew at the same rates during the Neoproterozoic. Therefore, the
contents of halite crystals represent a snapshot of Neoproterozoic life. The presence of
microorganisms and organic compounds in fluid inclusions reinforces that they were ubiquitous,
just as they are today.

Distribution of microorganisms in Browne Formation halite
Primary fluid inclusions in the Browne Formation halite were best preserved in the
centers of crystals, and the outer rims of crystals were typically clear. Modern halite chevrons
and cumulates have fluid inclusion growth bands that extend to the edges of crystals. The
inclusion-rich centers and clear rims indicates that burial depth in the range of ~ 1480 – 1520
meters as observed in this study may have affected the preservation of bedded halite in the
Browne Formation. The depths surveyed in this study may be on the borderline of depths that
still contain well preserved primary fluid inclusions. The burial depth may be more important
than age of the halite for preserving primary fluid inclusions (Petrichenko, 1979; Roedder, 1984).
Fluid inclusions are abundant within halite crystals. Several hundred primary fluid
inclusions may occupy a cubic millimeter of fluid inclusion-rich halite. So, a single halite crystal
can produce a wealth of information.
The distribution of microorganisms and organic compounds in halite crystals varies
significantly. Several of the chips in this study were exceptional; they had a high concentration
of suspect microorganisms and organic compounds within primary fluid inclusions (up to ~40%
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of inclusions containing suspect organics). But, for each exceptional halite crystal there were
approximately ten to fifteen others that did not yield any suspect organics. This indicates that
there may have been times of more and less abundant microbial activity in the parent waters.
Most of the suspect microorganisms and organic compounds documented in this study
were observed in chips from 1520 m core depth. I studied fifteen halite chips, distributed over six
sample depths, that contained abundant primary fluid inclusions. I observed more chips at 1520
m (5) than any other depth (2), but each sample at 1520 m yielded abundant suspect
microorganisms. Samples at 1520 m depth did not contain abundant daughter crystals like many
other higher depths did. Daughter crystals tended to be highly concentrated in halite that also had
abundant mineral inclusions.

Did ancient microorganisms look the same as modern microorganisms?
It is difficult to determine if microorganisms in the Browne Formation halite are similar
to modern microorganisms from brine environments. Both fluid inclusions in Browne Formation
halite and modern halites include small, smooth coccoids and larger dimpled spheres. Clear –
pale yellow is a common color.
However, there are also several visual differences between ancient suspect
microorganisms observed in this study, and halophilic microorganisms found in analogous
environments. Suspect microorganisms in this study are smaller than their modern counterparts
and lack several common features of modern microorganisms (e.g. flagella). In similar modern
environments, halophilic microorganisms display a variety of morphologies, while ancient
suspect microorganisms in this study are spherical, or cocci, shapes.
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Many species of modern Dunaliella algae are 5-10 µm (Oren, 2005), while Browne
Formation suspect algae are ~2-5 µm. Modern halophilic prokaryotes are 1-2 µm (e.g., Benison
and Karmanocky, 2014), compared to ancient suspect prokaryotes around ~0.5-1 µm from the
Permian and this study (Benison, 2019). Possible explanations for this size difference are that
either: 1) different species of microorganisms that were smaller lived in the Neoproterozoic
brines; or 2) the smaller size is a response to metabolic changes in a limited-nutrient environment
inside fluid inclusions.
Size differences between modern and ancient microorganisms could be due to the species
adapting to a limiting environment (i.e., Lilliput effect; Harries and Knorr, 2009) or individual
organisms' responses rapidly changing conditions within its respective lifetime. Metabolic
changes like miniaturization, cyst stages, and starvation survival strategies may allow for
microorganisms to remain viable for significant periods of geologic time (see Lowenstein, 2011).
These can cause morphological changes that make it difficult to visually compare ancient and
modern microorganisms. It’s also plausible that algae and prokaryotes were smaller in the
Neoproterozoic. Knowledge of the metabolic changes of prokaryotes and cyst stages of algae
that may occur after an organism has been isolated and deprived of nutrients may be important to
aiding the general recognition of ancient microorganisms.
Winters et al. (2015) and Schubert et al. (2009a, 2009b, 2010a) described potential
appearance of prokaryotes after being subjected to limited nutrient environments for thousands
of years. Experiments have shown that not all prokaryotes in nutrient poor conditions were
miniaturized (Winters et al., 2015). Prokaryotes that died immediately after being entrapped in
inclusions retained their original morphology. Schubert et al. (2009b) studied a core from Death
Valley, fluid inclusions in younger halite had a mix of miniaturized cocci prokaryotes, and rod-
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shaped prokaryotes. But, deeper in the same core, fluid inclusions in older halite contained only
miniaturized cocci. It is not clear if all microorganisms undergo starvation-survival
miniaturization when trapped in fluid inclusions in halite.
Visually, suspect microorganisms in this study resemble suspect microorganisms from
petrographic studies of halite of different ages. Suspect algae in this study display characteristics
similar to modern Dunaliella algae and Dunaliella algae trapped in Permian halite fluid
inclusions, in that they have a thick, dark outer border and a dimpled surface texture (Benison,
2019; Conner and Benison, 2013). However, Permian suspect algae and prokaryotes were more
similar in size to modern microorganisms than ancient ones in this study (Benison, 2019).
Prokaryotes identified in ~26 ka primary fluid inclusions in halite from Saline Valley, and
modern prokaryotes from Western Australia are visually similar to suspect prokaryotes in the
Browne Formation (Schubert et al., 2009b; Benison, 2013).
It is not clear if ancient microorganisms from the Browne Formation are similar, as far as
genus and species and/or life stages, as modern microorganisms from similar environments.
Microorganisms could have been smaller or different in the past, but they also could have
undergone metabolic changes that affected their morphology after being isolated in fluid
inclusions. Potential changes in size and shape make it difficult to make further interpretations,
such as genus and species classification or if algae are in cyst stages, from solely visual
observations of ancient microorganisms.
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Are these ancient microorganisms alive?
A longstanding question is if halophilic microorganisms may be able to stay alive for
thousands to millions of years. It is plausible, but not likely that microorganisms from the
Neoproterozoic Browne Formation are still viable.
The mechanism(s) by which microorganisms may survive over geologic time scales are
not fully understood, but several mechanisms have been proposed. They include metabolic
changes including starvation survival and cyst stages in response to non-favorable conditions,
and coexistence with organic compounds that could serve as nutrient sources (e.g., McGenity et
al., 2000; Stan-Lotter and Fendrihan, 2015; Schubert et al., 2009a, 2010a). Knowledge of how
microorganisms physically respond to nutrient deprivation is vital to their visual recognition in
ancient halite fluid inclusions.
Starvation-survival is a biological mechanism distinct from dormancy where the
organism is minimally active in limited-nutrient environments (Winters et al., 2015; Fendrihan et
al., 2006). As an adaptation to limited nutrients, microorganisms increase their surface area to
volume ratio by morphing into more economic shapes (commonly, cocci) and decrease their size
(Schubert et al., 2010b; Norton and Grant, 1988). This allows nutrients to reach cytoplasm more
quickly. This morphological change is demonstrated in haloarchaea in experimental studies by
Winters et al. (2015) and observations of <100 ka halite from Death Valley (Schubert et al.,
2009b). Miniaturized spheres identified as haloarchaea measured between ~0.4–2 µm where
original rod haloarchaea range from 1–12 µm long (Schubert et al 2009b, 2010a; Mormile et al.,
2003; Fendrihan et al., 2012).
In a study of a well-dated Death Valley salt core, Schubert et al. (2009b) and Lowenstein
et al (2011) suggest that glycerin produced by, and leaked from, Dunaliella algae can sustain
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haloarchaea for tens of thousands of years. However, Winters et al. (2015) concluded that
glycerol was not the limiting factor in their survival. Stan-Lotter and Fendrihan (2015) suggest
that dwarfing of cells, reduction of ATP, or the formation of protective capsules may be
mechanisms haloarchaea use to survive in fluid inclusions.
All ancient haloarchaea retrieved from fluid inclusions, with the exception of those from
Vreeland et al. (2000), are non-spore forming. This is important because non-spore forming
bacteria are continually metabolically active at a low level. This may give prokaryotes an
advantage for long-term survival because they would be able to repair DNA should it be
necessary (Johnson et al., 2007).

Genetic similarities of Permian and modern organisms and thoughts on evolution
Many cultured strains are surprisingly similar to modern halophilic microorganisms
(Grant et al., 1998; Vreeland et al., 2000), leading to a healthy amount of skepticism about their
origin and potential role of contamination. However, studies including Gramain et al. (2011) and
Sankaranarayanan et al. (2011) have assessed various surface sterilization methods and
concluded that with a rigorous protocol, the ancient ages of isolates can be genuine.
Genetic material retrieved from Permian halophilic bacteria and archaea are incredibly
similar to their modern counterparts (e.g., Vreeland et al., 2000; Grant et al., 1998). Some have
used this as evidence that cultured microorganisms are modern contaminants, but it could also
indicate that they have slow rates of evolution. It would follow that extremely halophilic
microorganisms, which would be adapted to extended periods of nutrient deprivation in fluid
inclusions, to have slow rates of evolution. This makes sense because genetic variation is
introduced to microorganisms by horizontal gene transfer or mutations during reproduction,
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either of which is only possible when nutrients are readily available to support reproduction or
other microorganisms are nearby. This is not the case when microorganisms are secluded in fluid
inclusions. Therefore, rates of evolution in halophilic microorganisms may be slow.
There’s a lot unknown about modern microorganisms that live in extreme conditions,
much less about ancient microorganisms and their evolution through time. Future work
biologically identifying suspect microorganisms from the Browne Formation at the genus and
species level could help answer unknowns about evolutionary rates of halophiles.
Do cells reproduce in fluid inclusions? It has been shown that nutrient-deprived
halobacteria reproduced (5x) less than halobacteria in nutrient dense media (Winters et al.,
2015). This is a good comparison to what happens to microorganisms isolated in fluid inclusions.
Common observations of a sole prokaryote in many fluid inclusions also indicates that
halobacteria most likely do not typically reproduce inside fluid inclusions.

Relevance to the Search for Life on Mars
The Browne Formation is a possible analog for martian rocks. Both the Browne
Formation and many rocks on Mars contain Fe-oxides, halite, and gypsum, have similar
sedimentary structures, and may have formed in similar environments.
Mars once contained shallow saline lakes that may have precipitated chemical sediments
at the surface (Squyres et al., 2004; Benison, 2006; Benison and Laclair, 2003; Benison and
Bowen, 2006). Halite, gypsum, and carbonates have been interpreted from spectral and rover
data (e.g. Osterloo et al., 2008; Bibring et al., 2006; Morris et al., 2010; Ehlmann and Edwards,
2015). Work in this thesis suggests that microorganisms that may have existed on Mars in the
ancient past may have gotten trapped as microfossils in chemical sediments. Additionally, they
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may be able to be detected after significant geologic time. Microorganisms trapped in fluid
inclusions of chemical sediments may represent the most well-preserved types of biosignatures
on Mars. Any chemical sediments that are found on Mars and form from surface waters,
including halides, chlorides, and carbonates, should be considered to have a high potential for
similar biosignatures (Benison 2019).
Fluid inclusion petrography allows for distinction between primary and secondary fluid
inclusions. This is vital for identifying original surface water remnants. Optical microscopy of
martian chemical sediments is a necessary method that cannot be done by rover and requires
sample return. Optical recognition of microorganisms and organic compounds in martian
samples would be an important non-destructive preliminary investigation prior to further
analyses, such as laser Raman spectroscopy, culturing, and metagenomic studies. Optical
petrography should be considered a first analytical step for martian returned samples. The results
of this study may be useful in informing interpretations of petrographic observations of future
returned samples.

CONCLUSIONS
This thesis used non-destructive petrographic methods to survey the contents of
unaltered, primary fluid inclusions in 830-million-year-old bedded halite from the Browne
Formation of central Australia. This study documented suspect microorganisms, suspect organic
compounds, and daughter crystals that were trapped in halite crystals at the time of deposition.
This work shows that organic material can be preserved in primary fluid inclusions in
halite for hundreds of millions of years. Furthermore, the high degree of preservation and high
visual resolution allows for general identification as suspect algae and suspect prokaryotes.
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The significance of this work reaches beyond visualizing life in the Neoproterozoic. Fluid
inclusions in halite on Mars may be a repository for life that once lived in shallow surface
waters. Petrographic study and visual observation of the contents of primary fluid inclusions
should be a priority for future returned samples of halite, and other chemical sediments, that
form in shallow surface waters.
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Appendix I. Suspect microorganisms and organic compounds

Figure 26. Suspect prokaryotes in primary fluid inclusions in halite from 1489 m depth viewed with
plane transmitted light.
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Figure 27. Suspect prokaryotes in primary fluid inclusions in halite from 1489 m depth viewed with
plane transmitted light.
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Figure 28. Suspect prokaryotes in primary fluid inclusions in halite from 1489 m depth viewed with
plane transmitted light.
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Figure 29. Suspect microorganisms in primary fluid inclusions in halite from 1489 m depth viewed with
plane transmitted light. Some (ex. D, G) have clear rims of suspect organic compounds.
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Figure 30. Clear suspect microorganisms in primary fluid inclusions in halite from 1489 m depth viewed
with plane transmitted light.
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Figure 31. Suspect microorganisms (D, F, G, H, I, J, K, L) and suspect organic compounds (A, C, B, E)
in primary fluid inclusions in halite from 1489 m depth viewed with plane transmitted light.
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Figure 32. Suspect prokaryotes in primary fluid inclusions in halite from 1489 m depth viewed with
plane transmitted light.
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Figure 33. Suspect prokaryotes in primary fluid inclusions in halite from 1498 m depth viewed with
plane transmitted light.
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Figure 34. Suspect prokaryotes in primary fluid inclusions in halite from 1498 m depth viewed with
plane transmitted light.
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Figure 35. Suspect microorganisms in primary fluid inclusions in halite from 1498 m depth viewed with
plane transmitted light.
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Figure 36. Suspect prokaryotes in primary fluid inclusions in halite from 1498 m depth viewed with
plane transmitted light.
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Figure 37. Suspect prokaryotes in primary fluid inclusions in halite from 1498 m depth viewed with
plane transmitted light.
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Figure 38. Suspect microorganisms in primary fluid inclusions in halite from 1499 m depth viewed with
plane transmitted light.
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Figure 39. Suspect microorganisms, accidental daughter crystals, and/or vapor bubbles in primary fluid
inclusions in halite from 1499 m depth viewed with plane transmitted light.
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Figure 40. Suspect prokaryotes and vapor bubbles in primary fluid inclusions in halite from 1499 m
depth viewed with plane transmitted light.
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Figure 41. Suspect prokaryotes in primary fluid inclusions in halite from 1502 m depth viewed in plane
transmitted light.

77

Figure 42. Suspect prokaryotes in primary fluid inclusions in halite from 1502 m depth viewed in plane
transmitted light.
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Figure 43. Suspect microorganisms and/or suspect organic compounds in primary fluid inclusions in
halite from 1502 m depth viewed with plane transmitted light.
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Figure 44. Suspect microorganisms and/or suspect organic compounds in primary fluid inclusions in
halite from 1520 m depth viewed with plane transmitted light.
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Figure 45. Suspect prokaryotes in primary fluid inclusions in halite from 1520 m depth viewed with
plane transmitted light.
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Figure 46. Suspect microorganisms and/or suspect organic compounds in primary fluid inclusions in
halite from 1520 m depth viewed in plane transmitted light.
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Figure 47. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed with
plane transmitted light. Suspect algae in E, I, K have dark dots in the center.
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Figure 48. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed with
plane transmitted light.
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Figure 49. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed with
plane transmitted light.
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Figure 50. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed with
plane transmitted light. Some suspect algae (E, F, G, H, I) contain an internal dark spot.
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Figure 51. Suspect prokaryotes in primary fluid inclusions in halite from 1520 m depth viewed in plane
transmitted light.
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Figure 52. Suspect prokaryotes in primary fluid inclusions in halite from 1520 m depth viewed in plane
transmitted light.
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Figure 53. Suspect microorganisms and/or organic compounds in primary fluid inclusions in halite from
1520 m depth viewed in plane transmitted light.
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Figure 54. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed in 1)
plane transmitted light 2) combined plane transmitted light and UV-vis light, and 3) UV-vis light.
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Figure 55. Suspect microorganisms (A, B, D) and suspect organic compounds (B, C, D) in primary fluid
inclusions in halite from 1520 m depth viewed in 1) plane transmitted light 2) combined plane transmitted
light and UV-vis light, and 3) UV-vis light.
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Figure 56. Suspect microorganisms (C) and suspect organic compounds (A, B, C, D) in primary fluid
inclusions in halite from 1520 m depth viewed in 1) plane transmitted light 2) combined plane transmitted
light and UV-vis light, and 3) UV-vis light.
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Figure 57. Suspect microorganisms (A, B, C, D) and suspect organic compounds (B) in primary fluid
inclusions in halite from 1520 m depth viewed in 1) plane transmitted light 2) combined plane transmitted
light and UV-vis light, and 3) UV-vis light.
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Figure 58. Suspect microorganisms (A, B, C, D) and suspect organic compounds around vapor bubbles
(A, C) in primary fluid inclusions in halite from 1520 m depth viewed in 1) plane transmitted light 2)
combined plane transmitted light and UV-vis light, and 3) UV-vis light.
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Figure 59. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed in 1)
plane transmitted light 2) combined plane transmitted light and UV-vis light, and 3) UV-vis light.
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Figure 60. Suspect microorganisms (A, B, C) and suspect organic compounds (D) in primary fluid
inclusions in halite from 1520 m depth viewed in 1) plane transmitted light 2) combined plane transmitted
light and UV-vis light, and 3) UV-vis light.
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Figure 61. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed in 1)
plane transmitted light 2) combined plane transmitted light and UV-vis light, and 3) UV-vis light.
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Figure 62. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed in 1)
plane transmitted light 2) combined plane transmitted light and UV-vis light, and 3) UV-vis light.
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Figure 63. Suspect microorganisms in primary fluid inclusions in halite from 1520 m depth viewed in 1)
plane transmitted light 2) combined plane transmitted light and UV-vis light, and 3) UV-vis light.
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Figure 64. Suspect microorganisms (A, B, C, D) and suspect organic compounds (A, B, C, D) in primary
fluid inclusions in halite from 1520 m depth viewed in 1) plane transmitted light 2) combined plane
transmitted light and UV-vis light, and 3) UV-vis light.
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Appendix II. Daughter crystals

Figure 65. Clear, prismatic accidental daughter crystals, likely gypsum/anhydrite, in primary fluid
inclusions in halite from 1480 m depth viewed with plane transmitted light.
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Figure 66. Primary fluid inclusions with several accidental daughter crystals from 1489 m depth viewed
with plane transmitted light.
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Figure 67. Dark, opaque accidental daughter crystals in primary fluid inclusions in halite from 1489 m
depth viewed with plane transmitted light.
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Figure 68. Clear, prismatic daughter crystals, likely gypsum/anhydrite, in primary fluid inclusions in
halite from 1489 m depth viewed with plane transmitted light.
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Figure 69. Rare pale green to gray matte daughter crystals from 1498 m depth viewed with plane
transmitted light.
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Figure 70. Clear, prismatic daughter crystals, likely gypsum/anhydrite, in primary fluid inclusions in
halite from 1489 m depth viewed with plane transmitted light.
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Figure 71. Accidental daughter crystals in primary fluid inclusions in halite from 1489 m depth viewed
with plane transmitted light (A) green hexagonal accidental daughter crystal.
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Figure 72. Clear, prismatic and rounded daughter crystals, likely gypsum/anhydrite, in primary fluid
inclusions in halite from 1489 m depth viewed with plane transmitted light.
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Figure 73. Clear, prismatic and rounded daughter crystals, likely gypsum/anhydrite, and possible suspect
microorganisms (E, I, J) in primary fluid inclusions in halite from 1489 m depth viewed with plane
transmitted light.
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Figure 74. Clear, prismatic daughter crystals, likely gypsum/anhydrite, in primary fluid inclusions in
halite from 1498 m depth viewed with plane transmitted light.
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Figure 75. Clear, prismatic and rounded daughter crystals, likely gypsum/anhydrite, in primary fluid
inclusions in halite from 1498 m depth viewed with plane transmitted light.
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Figure 76. Clear, prismatic daughter crystals, likely gypsum/anhydrite, in primary fluid inclusions in
halite from 1498 m depth viewed with plane transmitted light.
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Appendix III. Primary fluid inclusion assemblages and halite crystals

Figure 77. Halite crystals and primary fluid inclusions from the Empress 1A core. (A-B) 1489 m (C)
1520 m (D) 1502 m (E) 1498 m (F) 1520m (G) 1498 m (H) 1520m (I) 1498m (J-L) 1520 m depth.
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